The levels of polyamines in leaves of Gynura aurantiaca DC and tomato, Lycoperskon esculentum Mill. cv Rutgers, infected with citrus exocortis viroid (CEVd) or treated with silver nitrate or ethephon (2-chloroethylphosphonic acid) were measured by HPLC in relation to development of symptoms. Previously it had been demonstrated that treatment of G. aurantiaca plants with silver nitrate or ethephon closely mimicked the effects of viroid infection in the plants. In the studies reported here, a marked decrease in putrescine level was observed in plants infected by CEVd or treated with silver ions or ethephon. There was no significant change in either spermidine or spermine levels. Treatment of G. aurantiaca plants with specific inhibitors of ethylene biosynthesis (aminoethoxyvinylglycine, Co2+) or ethylene action (norbomadiene) prevented the decrease of putrescine associated with silver nitrate treatment and had no effect on spermidine or spermine levels. The development of viroid-like symptoms, the production of associated pathogenesis-related proteins, and the rise in protease activity induced by silver nitrate, were all suppressed by exogenous application of putrescine. The decreased level of putrescine as an ethylene-mediated step in the transduction of the viroid and silver or ethephon signaling is discussed.
ABSTRACT
The levels of polyamines in leaves of Gynura aurantiaca DC and tomato, Lycoperskon esculentum Mill. cv Rutgers, infected with citrus exocortis viroid (CEVd) or treated with silver nitrate or ethephon (2-chloroethylphosphonic acid) were measured by HPLC in relation to development of symptoms. Previously it had been demonstrated that treatment of G. aurantiaca plants with silver nitrate or ethephon closely mimicked the effects of viroid infection in the plants. In the studies reported here, a marked decrease in putrescine level was observed in plants infected by CEVd or treated with silver ions or ethephon. There was no significant change in either spermidine or spermine levels. Treatment of G. aurantiaca plants with specific inhibitors of ethylene biosynthesis (aminoethoxyvinylglycine, Co2+) or ethylene action (norbomadiene) prevented the decrease of putrescine associated with silver nitrate treatment and had no effect on spermidine or spermine levels. The development of viroid-like symptoms, the production of associated pathogenesis-related proteins, and the rise in protease activity induced by silver nitrate, were all suppressed by exogenous application of putrescine. The decreased level of putrescine as an ethylene-mediated step in the transduction of the viroid and silver or ethephon signaling is discussed.
Viroids are single-stranded, small, circular RNA molecules (about 105 D), which, despite their limited coding capacity, are able to replicate without the aid of a helper virus in host cells and produce developmental distortions in certain host plants (15, 27) .
CEVd2, the causal agent of the exocortis disease of citrus (28) , can be transmitted to Gynura aurantiaca DC and tomato (Lycopersicon esculentum Mill. cv Rutgers) plants. The infection of the plants by CEVd induces changes in plant growth and development, including stunting and leaf epinasty and rugosity. Also, the impairment of the capacity of cuttings to form roots has been described (19) . Viroid infection also causes an increased production of ethylene in the host plants (3) (4) (5) 10) and the enhanced accumulation of the so-called PR proteins (6, 11, 23 (10) . The viroid-like effects of silver ion has been attributed to its capacity to elicit ethylene biosynthesis in Gynura plants (10, 14) . Analogous effects are produced by ethephon (2-chloroethylphosphonic acid, an ethylene releasing compound) (10) . The viroid-like syndrome induced by AgNO3 in Gynura plants was prevented (4) by inhibitors of ethylene biosynthesis (aminooxyacetic acid or Co2+) (39, 40) and ethylene action (norbornadiene) (30) . Based on those findings, a view of viroid pathogenesis, in which viroid molecules are considered as pure replicative signals, has been proposed (14) . In this hypothesis, viroids are elicitors of a general, ethylene-mediated response of the host plant.
Polyamines have been implicated in a range ofphysiological plant responses (20, 22) . The possible involvement of polyamines in the transduction of the viroid pathogenic signaling has also been hypothesized (14) . The present work is the first experimental approach to test this hypothesis. As was done previously (4) , we have used the Gynura-silver interactions as a model system to study the possible involvement of polyamines in the transduction of the plant response to different types of stress. This system has a number of advantages compared to host-viroid interactions: (a) quickness of the response, i.e. epinasty of the leaves and the production of PR proteins (P1 and P2) are observed within 48 h in silver-treated plants, while it takes 15 d in CEVd-infected plants. Conse- quently, (b) the effects ofputrescine and inhibitors ofethylene biosynthesis or action on the plant pathogenic reaction can be studied without the need for repeated applications over a prolonged time, which could mask the effects due to nonspecific toxicity. We have focused our attention on the levels of putrescine, spermidine, and spermine, the most widespread polyamines in plant tissues, in CEVd-infected or silver-and ethephon-treated plants as compared with uninfected control plants; the effect of inhibitors of ethylene biosynthesis or action on polyamine levels; and the effect of exogenous application of polyamines on the viroid-like syndrome and protease activity induced by treatments with silver ions.
MATERIALS AND METHODS Plant Material
Plants of Gynura aurantiaca DC were grown from rooted cuttings. Cuttings (7 cm) were obtained from matched blocks of healthy Gynura plants and put into a rooting chamber for 15 d and then were transplanted in pots. Tomato (Lycopersicon esculentum Mill. cv Rutgers) plants were grown from seeds. The plants (one per pot) were grown in a greenhouse at 30C/24°C (day/night) (RH 70%) in 20-cm-diameter pots containing a mix of two parts peat and one part grit/sand. The pots were watered twice a week to saturation with Hoagland solution. Gynura plants were inoculated 15 d after transplanting with either buffer or the 2 M LiCl-soluble fraction of nucleic acids from CEVd-infected Gynura tissue as described previously (29) . Inoculation of tomato was carried out by puncturing the stems of the seedlings with a needle dipped in either buffer or the nucleic acid preparation. Symptoms appeared 15 to 17 d after inoculation in both Gynura and tomato plants.
Plant Treatments
Healthy Gynura or tomato plants, equivalent in age to CEVd-infected when commencing the expression of their symptoms, were utilized in these experiments. Treatments with AgNO3 (3 mM), ethephon (2-chloroethylphosphonic acid) (30 mM) as an ethylene generator, AVG (50 ALM), CoSO4
(200 Mm), norbornadiene (5 mM), and putrescine (1 mM) were performed as described elsewhere (4) . Briefly, individual plants were sprayed until run-off with 10 mL of the appropriate solution (pH adjusted to 5.5) containing 0.1% (v/v) Tween 80 as a wetting agent. Plants were left in a shaded area for a few hours before returning to the greenhouse. Control plants were sprayed with water containing 0.1% (v/v) Tween 80.
Assay of Proteolytic Activity
Apical leaves (apex + four youngest leaves) were frozen in liquid nitrogen, thawed, and homogenized with 3 mL/g cold 50 mm phosphate-citrate buffer (pH 6.6) supplemented with 20 mm KCl, 2 mM MgCl2, 5% sucrose, and 15 mM 2-mercaptoethanol. The homogenate was filtered through cheesecloth and centrifuged at 30,000g for 30 min at 4°C. The resulting clarified supernatant was used to determine protease activity.
Protease activity was measured with FTC-casein as substrate as described by Vera and Conejero (34) . The reaction mixture (total volume of 150 ,uL) contained 20 ,L of enzyme, 120 gL assay buffer, and 10 gL of 0.5% (w/v) FTC-casein.
The assay buffer was 150 mm phosphate-citrate buffer (pH 6.6) containing 0.5 mm DTT. The solution was thoroughly mixed and incubated at 37°C for 1 h. The reaction was stopped by addition of 150 ML of 10% (w/v) TCA. The tubes were allowed to stand on ice for 1 h, and the TCAinsoluble material was sedimented by centrifugation for 10 min at maximum speed in a Beckman microfuge. A l00-uL aliquot of the supernatant was diluted to 3 mL with 500 mM Tris-HCl (pH 8.5). Fluorescence was determined with an excitation wavelength of 490 nm and an emission wavelength of 525 nm in a Perkin-Elmer 650-1OS fluorescence spectrophotometer.
Enzyme activity was linear with time and with concentration of crude extracts. One unit of FTC-casein-degrading activity is defined as the enzyme needed to produce 1 unit of fluorescence increase under the standard assay conditions. Enzyme activity is expressed as units/mg protein/h.
Protein Extraction and Electrophoretic Analysis
Apical leaves were harvested 48 h after the treatment with AgNO3. Soluble proteins were extracted as previously described (13) with some modifications. Leaves were frozen in liquid nitrogen, thawed, and homogenized with 3 mL/g cold 20 mm Tris-HCI buffer (pH 7.4) supplemented with 20 mM KC1, 2 mM MgCl2, 5% sucrose, and 15 mM 2-mercaptoethanol. The homogenate was filtered through cheesecloth and centrifuged at l00,OOOg for 2 h. Fractions of the supernatant were used for electrophoresis according to the procedure of Conejero and Semancik (12) .
Extraction of Polyamines
Extraction of soluble polyamines was based on the method described by Flores and Galston (18) . Apical leaves were homogenized with a pestle in a chilled mortar in 0.2 M perchloric acid (4 mL/g tissue) containing 1,6-diaminohexane as internal standard. After extraction for 1 h in an ice bath, homogenates were centrifuged at 48,000g for 30 min.
Benzoylation and HPLC Analysis
Apical leaf extracts were benzoylated according to Flores and Galston (18) . Samples were ultrafiltered through Millipore (Molsheim, France) HV filters (0.45 ,m) and analyzed immediately. HPLC analysis was done with a Waters model 510 liquid chromatograph. The solvent system consisted of methanol:water run isocratically at 64% methanol at a flow rate of 1 mL/min. Benzoylated samples were eluted at room temperature through a C18 reverse phase column (4 x 250 mm, 5-,gm particle size, Merck RT), and detected at 254 nm with a UV-detector (Waters model 440). The results were quantified with a Hewlett-Packard 3396 A integrator using a relative calibration procedure described by Smith and Davies (33) for dansyl derivatives. With this procedure, peak area ratios of individual polyamines to the internal standard, 1,6-diaminohexane, were linearly correlated with the weight (nmol) ratios. With benzoyl-1,6-diaminohexane as internal standard, linear calibration curves were obtained up to 100 ,M (putrescine: y = 0.682x, spermidine: y = 1.205x, spermine: y = 1 .548x). Identity of polyamines was determined by retention time and coinjection of a known standard. The polyamine breakdown product, 1,3-diaminopropane, has a retention time very close to that of putrescine. However, changing the solvent to 60% methanol (18) allowed for precise discrimination and estimation of 1,3-diaminopropane and putrescine in the extracts and demonstrated that the observed peak was putrescine and not 1,3-diaminopropane.
The data presented in the "Results" are for single experiments with triplicate samples and are representative ofa group of three or more experiments. Figure 1 (A  and B) shows that, on a fresh weight basis, the levels of putrescine at d 0 were about 200 nmol/g fresh weight in Gynura and 400 nmol/g fresh weight in tomato in both healthy and CEVd-infected plants. Putrescine levels started to decline on d 4 in infected plants. On d 16, when symptoms were fully developed, putrescine levels were reduced to about 45 nmol/g fresh weight in Gynura and 100 nmol/g fresh weight in tomato. In healthy plants, the level of putrescine did not change substantially during this period. The marked change in putrescine was not reflected in the level of spermidine, which remained approximately similar in both healthy and CEVd-infected Gynura and tomato plants during the development of symptoms (Fig. 1) (Fig. 2) . In this context, it may be noted that CEVd infection produces an increase of ethylene production in Gynura and tomato plants which is maximal 2 d after the onset of symptoms (3, 10) . Also, treatment of Gynura and tomato plants with silver ions or ethephon results in a burst in ethylene production (4) which is maximal 4 h after the treatments. These previous results and the results presented in this work indicate that the increase in ethylene production preceded the decrease in putrescine content in the plants. As in CEVd-infected plants, the level of spermidine remained constant in silver-and ethephon-treated plants (Fig. 2, A (Table I) . These inhibitors also impaired the AgNO3-induced symptoms and the production of PR proteins PI and P2 (4 (Fig. 3, A and B) . In fact, silver-treated plants that had been pretreated with putrescine ( Fig. 3B) were indistinguishable from normal plants (Fig. 3C) . Also, the dramatic increase in protease activity in leaves of Gynura plants produced by silver ions (Fig. 4) and the accumulation of PR proteins P1 and P2 (Fig.  5) were essentially suppressed by putrescine treatment. 
DISCUSSION
In this work, we have presented evidence strongly suggesting that putrescine is involved in the transduction ofthe ethylenemediated, nonspecific response of the host plant to different afflicting agents. A considerable number of studies have been published on the association of polyamines with a variety of physiological processes in plants (16, 21, 22, 31, 32) and fungi (9, 20, 25, 26, 37) . However, little information is available related to the possible involvement of polyamines in plantpathogen interactions. Only a few reports have appeared about host-fungi interactions. Infection of barley with two fungi (Puccinia hordei [24] or Erysiphe graminis [36] ) resulted in large increases in polyamine content which seemed to be the result of the release from preexisting conjugate forms in the green islands in diseased tissues (35) . However, Bakanasvili et al. (2) found that infection of tomato fruits by Rhizopus stolonifer or their treatment with ethylene resulted in decreases in polyamine content.
As far as we know, the presently reported decrease in putrescine level in viroid infected leaf tissues is the first work describing the involvement of polyamines in host-viroid interactions. Based on the results obtained in this-work, two conclusions can be supported. First, the enhancement of ethylene production is responsible either directly or through other intermediary messenger signal(s) for the decrease in putrescine. This conclusion can be deduced from the fact that specific inhibitors of either ethylene biosynthesis (AVG, Co2") or its action (norbornadiene) prevent putrescine depletion. It has been reported (17) that ethylene and polyamines compete for S-adenosylmethionine, a precursor common to both ethylene and polyamine pathways (31) . Interestingly, we have demonstrated that norbornadiene prevents the depletion of putrescine (Table I) without affecting ethylene synthesis (4). This indicates that the link between the increase in ethylene synthesis (4) and the decrease in putrescine presented in this paper is not due to metabolic competition for S-adenosylmethionine. Second, the lowering of putrescine content is a signaling step in the transduction chain leading to the plant response. This can be deduced from the finding that impeding the decrease in the putrescine level through exogenous application of this compound prevents the silver-induced expression of viroid-like symptoms (leaf malformations [ Fig. 3]) , inhibition of root growth (data not shown), the accumulation of PR proteins (Fig. 5) , and the enhancement of proteolytic activity (Fig. 4 ) associated with the plant response. Our conclusion that enhancement of ethylene production is responsible for the decrease in putrescine is consistent with the finding that arginine decarboxylase, the main enzyme responsible for putrescine synthesis in plants (7, 8, 38) , is inhibited by ethylene at physiological concentrations (1).
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